Formation of MoS 2 nanoparticles at pressures between 0.5 and 10 Torr has been studied. Two different chemistries for the particle nucleation are compared: one based on MoCl 5 and H 2 S, and the other based on MoCl 5 and S. In both cases particle formation has been studied in a thermal oven and in a radio-frequency discharge. Typically, the reaction rates at low pressures are too low for an efficient thermal particle production. At pressures below 10 Torr no particle production in the oven is achieved in H 2 S chemistry. In the more reactive chemistry based on sulfur, the optimal conditions for thermal particle growth are found at 10 Torr and low gas flows, using excess of hydrogen. In the radio-frequency discharge, nanoparticles are readily formed in both chemistries at 0.5 Torr and can be detected in situ by laser light scattering. In the H 2 S chemistry particles smaller than 100 nm diameter have been synthesized, the sulfur chemistry yields somewhat larger grains. Both in thermal and plasma-enhanced particle syntheses, using excess of hydrogen is beneficial for the stability and purity of the particles. © 1999 American Institute of Physics. ͓S0021-8979͑99͒05217-2͔
I. INTRODUCTION
Many mechanical elements, such as tools for cutting, stamping, and deep drawing of mechanical parts, are provided with wear-resistant coatings. In these applications, coatings have brought significant improvements in terms of lifetime of the components and tools. In most cases, lubricating the contact surface is needed to reduce friction in order to improve the mechanical yield of the system and reduce the wear of the parts in contact. It has been shown that additional coatings with lubricants like MoS 2 , have interesting properties. 1, 2 The wear resistance of the hard coating can be combined with a significantly lowered friction. In practice the MoS 2 coatings have limited applicability because of poor adhesion and bad oxidation resistance. To circumvent this problem we propose a hybrid coating where the MoS 2 is immersed, in the form of nanometer particles, in the hard wear-resistant coating. It has been shown that hybrid coatings can be produced by electrodeposition, for instance Teflon particles in a Ni matrix. However electrodeposition does not allow a large flexibility in composition nor extreme mechanical properties. CVD and PACVD processes are convenient and widely used to produce hard layers, but so far they do not allow the deposition of hybrid coatings. A method to produce a self-lubricating coating is to include very small grains of the lubricant in the main hard layer. In this way, a good mixing of the two solid phases is achieved. When the layer with a homogeneous suspension of lubricating particles is exposed to friction, small amounts of the lubricant are dispensed when necessary. This is the main advantage of particle-seeded layers. Therefore, research effort on wearproof coatings focuses on fabrication of layers by CVD/ PACVD and simultaneous seeding with nanoparticles obtained in another process. Thus a detailed knowledge on nanoparticle formation and behavior has to be combined with the state of the art coating technology. In the last decade a tremendous research effort on dusty discharges has been undertaken. 3 This topic originated from the semiconductor processing industry, where submicrometer particles are formed in situ in the processing reactor and subsequently deposit on the substrate. These particles have been the major cause for device failure. Thus the major aim has been to minimize particle contamination. In recent years new trends have emerged, and the previously acquired knowledge on particle formation in plasmas has been used to explore the novel applications of dusty discharges. Two trends can be observed. First, particles formed in situ or injected externally, are processed in the discharge, in order to improve their properties. Applications include coating of particles with active layers for various purposes, 4 separating large particle conglomerates in a discharge in order to obtain homogeneously coated grains, 5 etc. Second, nanoparticles formed in the discharge are embedded in a layer on the surface, in order to improve the layer quality. For example, the quality of amorphous silicon solar cells deposited in a silane discharge can be significantly improved by codeposition of nanometer size silicon particles formed in the same discharge. 6 Production and codeposition of nanoparticles in CVD processing as well as in a plasma environment forms a challenge, as such small grains are not commercially available and very difficult to handle ex situ. Moreover, when externally produced particles are used, there are always problems with contamination with water and oxygen. Therefore, an integrated process is required, combining particle formation, layer growth, and seeding in one closed system. Particle production is generally performed in a different chemical and physical environment than the deposition process. it is convenient to form nanoparticle particles at high pressures, either using thermal plasmas or ovens, while especially for PACVD processes the pressure must be kept low. Thus, new recipes should be developed for particle formation, which can be incorporated in a PACVD environment. In this article we report the formation of MoS 2 particles in a PACVD reactor. The work is part of the project aimed on the fabrication of hybrid titanium nitride coatings with embedded molybdenum sulfide particles. The lubricating properties of MoS 2 in combination with wear-resistant properties of a TiN film should result in a unique self-lubricating hard coating. The particles with the desired size ͑smaller than 100 nm in diameter͒ should be produced efficiently and deposited on the surface in a controlled way. For a better control of the seeded layer fabrication, it is convenient to have a diagnostics for the particles in the gas phase, prior to their deposition. Thus, one of the objectives is to achieve sufficiently high particle densities to perform in situ detection. Below we shall compare two different chemistries, in which MoS 2 nanoparticles are formed. In both cases particle formation in a thermal process as well as in a plasma environment is investigated. After introducing the chemistries and the thermodynamical equilibria under which MoS 2 can be formed, we discuss the forces, which govern particle motion in the gas/plasma phase during transport and deposition in CVD and PACVD reactors. Next, the technical details of the CVD and PACVD reactors are given followed by the results obtained. We will discuss the possibilities of in situ diagnostics and the methods to optimize the particle collection on the surface.
II. THERMODYNAMICS OF MoS 2 PARTICLE FORMATION
We shall consider two chemistries employed for the MoS 2 synthesis. In both cases the molybdenum source is MoCl 5 which is evaporated in an oven. In the first case the evaporated MoCl 5 reacts with H 2 S, and in the second case with pure sulfur in the gas phase. Evaporation of MoCl 5 and sulfur is performed at relatively low temperatures ͑150°C͒, which implies that in the gas phase mostly S 8 molecules are present. Hydrogen is supplied to bind the chlorine as HCl. Finally, the proposed reaction schemes are: Thermodynamic equilibrium calculations show that MoS 2 is the most stable reaction product up to temperatures above 1500°C. At higher temperatures some Mo 2 S 3 can be formed. As HCl is a very stable molecule ͑ϭϪ171.33 kJ/mole at 150°C͒, chlorine is expected to be efficiently bound as HCl, and the formed MoS 2 particles will not be contaminated with Cl. Both reactions have a negative free enthalpy, but the one using sulfur is slightly more exothermic than the one with H 2 S. At higher temperatures, or in a plasma environment S 8 will readily dissociate into S 2 , which will facilitate the second reaction. Alternative reaction schemes based on Mo͑CO) 6 have also been considered, however, in this case equilibrium calculations indicate that significant amounts of byproducts like C, MoC 2 , MoO 2 , and Mo 2 S 3 can be expected. Thus, no experiments have been done using Mo͑CO) 6 .
Of course these are equilibrium considerations, which are only valid if the reaction time is sufficiently long to reach the equilibrium. Both reactions involve many molecules and/or many reaction steps, so kinetic aspects can become crucial for the reaction efficiency. These reactions are rather complex, and the knowledge of reaction mechanisms is limited. It can be expected that activation energy is required. Energy needed to dissociate MoCl 5 and H 2 S can be estimated from the formation enthalpy of these species. For example, dissociation of H 2 S into H 2 and S 8 ͑gas͒ requires 20.6 kJ/mole, and MoCl 5 into MoCl 4 and Cl 2 50.2 kJ/mole, which corresponds to an energy input of 0.21 and 0.52 eV per molecule, respectively. This is of course an overestimate of the energetic barrier, as full dissociation of reacting molecules is probably not necessary for the reactions to occur. However, MoS 2 formation does not proceed at room temperature and heating of the gas to at least a few hundreds degrees C is necessary. Heating of the gas to high temperatures might be inconvenient in codeposition experiments under lowpressure conditions, either for practical reasons, like limited thermal resistance of vacuum elements, or for fundamental reasons, like the appearance of temperature gradients and nanoparticle loss due to thermophoretic forces. The latter effect will be treated in Sec. II.
The most important aspect of particle seeding is the necessity to perform this process at low pressures, as typical PACVD conditions are in the sub-Torr pressure range. There are two approaches that allow circumventing this problem. The particles can be produced in a high-pressure environment and subsequently injected into the low-pressure reactor. Efficient MoS 2 particle formation in an oven at 20 hPa and 450°C has been reported. 7 The remaining problem is the creation of an integral system, with an interface between the high-and low-pressure regions. General drawbacks are large flows of species from the high-pressure source, which leads to contamination of the CVD/PACVD reactor with unreacted molecules from the oven, and the loss of nanoparticles during transfer to a low-pressure environment Another possibility is to find a method to synthesize particles in a lowpressure medium.
Particle formation at low pressures encounters many difficulties. First of all, the reaction rates are lower as a consequence of lowered densities of reagents. Especially association reactions, which are essential for the formation of large molecules and their condensation into particles, are inefficient at low pressures. This is due to the exothermic character of association reactions: in order to satisfy both momentum and energy conservation in the reaction event, another ͑third͒ particle has to participate to carry out the excess energy. In rarefied media even binary collisions have low frequencies, so processes involving many particle collisions have negligible rates. Moreover, in the commonly used flowing systems the residence times of the species in the reactor are limited, typically under 1 s and decreasing proportionally with decreasing pressure. This implies that many-step processes, like dissociation of the reagents and subsequent reactions between the dissociation products, or condensation leading to particle growth, are generally not efficient.
A possible solution to these problems is the use of a low-pressure plasma. The kinetic considerations about limited reaction rates at low temperatures and low pressures are not valid in a plasma environment, because of its strong nonequilibrium character. In fact, rapid formation of macroscopic particles in low-pressure discharges is a well-known phenomenon, which has been observed in many chemical systems. 7 Much effort has been invested in the elucidation of the formation and growth mechanisms. The crucial aspects are the nonequilibrium character of such plasmas and the participation of charged species in the particle formation process. The nonequilibrium character is caused by a large difference between the neutral gas temperature and electron temperature. As the electrons gain energy in the electric field and cannot efficiently thermalize, their temperatures reach typically a few eV ͑1 eVϭ11 800 K͒, while the gas remains at the ambient or slightly elevated temperature. All chemical processes are therefore initiated by electrons, which have sufficient energy to dissociate molecules and a high mobility to undergo frequent collisions. Thus, plasma electrons readily supply the activation energy for MoS 2 formation. Other problems of particle formation at low pressures namely the residence times, which are too short to allow for particle growth, can be also overcome. In the plasma the particles acquire a negative charge at a very early stage of their growth. By means of Coulomb interactions they remain trapped in the plasma sufficiently long to reach even submillimeter sizes. The size can be adjusted to one's wishes by controlling the plasma duration time, substrate geometry, and gas flows. In the following section the mechanism of particle charging and trapping as well as various forces acting on a particle in gases or plasmas will be introduced.
III. PARTICLE KINETICS
The reaction product MoS 2 is not volatile and consequently it will deposit on the reactor walls or condense into solid particles, which in turn will stick to the walls or be evacuated by the pumps. In order to optimize the deposition of particles on the substrate the particle kinetics in the reactor should be studied. Once the particles are formed they are subject to various forces. There is always a gravitation force:
Here a is the particle radius, and is the density of the particle material. Most important forces related to gas-phase interactions are the neutral drag force and the thermophoretic force. As the forces depend on momentum transfer from gas molecules to the particles, the corresponding expressions can assume different forms. This depends on whether the mean free path length for gas atoms ͑͒ is larger or smaller than the particle radius ͑a͒. We shall consider both the high-pressure case (Ͻa) and the free molecular regime at low pressures (Ͼa). The former case is relevant for the behavior of particles formed in a high-pressure oven, while the latter case pertains to particle transport to a low-pressure PACVD reactor and to particle formation in the plasma. Neutral drag is a net force exerted on particles by a directed gas flow. In the high-pressure limit it is given by the Stokes formula: F ns ϭ6a(v g Ϫv p ), where denotes the gas viscosity, v g and v p are the gas and particle velocities, respectively. At low pressures a correction term must be introduced. In literature various forms can be found, all resulting in slightly different numerical results. 3 A simple approximation is:
ϪF n ϭF ns /C, with Cϭ1ϩ͑/a ͕͒␣ϩ␤ exp͓Ϫ␥/͑/a ͔͖͒.
Constants ␣, ␤, and ␥ with typical values ␣ϭ1.2, ␤ϭ0.44, and ␥ϭ0.78 are described in the literature. 8 Note that in the high-pressure regime the neutral drag force depends on the particle radius ͑a͒, while in the free molecular regime ( ӷa) it depends on the particle cross section (a 2 ). The thermophoretic force is induced by temperature gradients in the gas. This is also a consequence of momentum transfer: the gas atoms/molecules from the hotter area have a higher momentum, so they will push the dust particles towards the colder regions. Again dependent on the approach several slightly different formulas can be found, 3 one of the simplest being 9 F th Ϸa 2 ٌ͑nmv g ͒Ϸa 2 pٌT g /T g , where n, p, and T g are the gas density, pressure, and temperature. The thermophoretic force itself is independent of pressure. However, if the distance between the wall and the particle is less than a mean free path, the thermophoretic force is significantly reduced. 10 The interactions of particles with the plasma induce additional forces. Electrons are much more mobile than positive ions, but in the steady state the net current towards the surface must equal zero. Therefore any solid object in contact with the plasma collects a negative charge, repelling electrons and attracting positive ions. This effect is valid for particles as well as for the reactor walls. The net negative charge can be calculated by solving the flux balance for electrons and positive ions. Matsoukas and Russell 11 introduced the following semiempirical formula for the number of charges on small particles in a low-pressure plasma:
The constant B is on the order of unity. It is a weak function of the ratio of electron and ion temperature T e /T ϩ and the ratio of electron and ion mass m e /m ϩ . The Boltzmann constant is denoted by k b , while n ϩ0 and n e0 denote the ion and electron density at infinity. It can be easily seen that the number of elementary charges Z on a particle is always proportional to its radius. Estimation of the typical parameters for a low-pressure discharge yields about one elementary charge per one nanometer of the particle radius; thus a 1 m particle has about 1000 elementary charges.
As a consequence of charging, particles in a discharge experience a Coulomb force:
where E 0 is the local electric field in the plasma. This force is strong in the plasma sheath region as there is a strong electric field pushing the particle towards the plasma glow region. In the plasma glow region the electric field is small, so typically the Coulomb force can be neglected there.
A second force acting on particles in the plasma is the ion drag force. Its nature is similar to the neutral drag force, described above. It is caused by the momentum transfer from positive ions to the particle. In the boundary region of a low-pressure discharge a net force is exerted on particles by a directed positive ion flux towards the electrode surface. A general expression reads:
with v p the particle velocity, v ϩ the drift velocity of positive ions, and the cross section for Coulomb collisions. For further details concerning various forces and the electrical properties of the particles in a discharge the reader might refer to the survey work by Boeuf. 12 Various forces acting on a particle in a plasma are schematically presented in Fig. 1 . The balance of these forces determines the particle movement in the reactor. In a plasma, the electric interactions govern the particle behavior. As electrodes as well as particles are negatively charged, Coulomb repulsion F C prevents particles from falling on the surface and keeps them trapped in the plasma glow. Thus, particle deposition cannot be performed during plasma operation. In the absence of the plasma, one has to consider other forces, to decide whether the particles can deposit on the substrate. Typically, in TiN PACVD experiments the substrate must be heated to a few hundreds degrees above ambient temperature. This will introduce a thermophoretic force, which will hinder particle deposition. Therefore, other forces ͑gravitation and neutral drag͒ must compensate this unwanted effect. In a simplified force balance, if F th ϽF g , the particles will deposit on the surface. Solving this balance allows determining the minimal radius of the particles, which can be deposited. This is shown in Fig. 2 as a function of the temperature gradient. It is evident that in case of nanoparticles ͑Ͻ100 nm͒, for which the gravitation force is not very important, the deposition will be seriously obstructed even by slight temperature gradients. Under typical PACVD conditions with a heated substrate temperature, gradients can be much higher than 5000 deg/m. 13 Therefore, an additional force towards the substrate surface must be introduced to allow for particle collection. This can be done by designing a shower head flow input, so that the neutral drag force will push the particles towards the substrate.
14 In this work we keep the substrate at the ambient temperature and introduce the gas flow from above the substrate, as explained in Sec. IV.
IV. EXPERIMENTAL SETUP
The experiments have been performed on a commercial Plasma Therm reactor, which has been adapted for the experiment. A schematic view of the setup is shown in Fig. 3.   FIG. 1 . Schematic view of the forces acting on a charged particle suspended above an electrode in a low-pressure radio frequency plasma. Gravitation (F g ) and ion drag (F i ) forces pull the particle down, while the Coulomb force (F C ) resulting from the electric field in the plasma sheath region pushes it up and keeps it at the glow-sheath transition region. Neutral drag force ͑not depicted here͒ acts in the direction of the gas flow and depends on the flow introduction. In the absence of strong gas flows, small radial electric fields result in particle trapping at a fixed position.
FIG. 2. The minimum particle size required for a particle to overcome the thermophoretic force and fall on a heated electrode by gravitation. Calculated from the force balance F th ϭF g , as a function of the temperature gradient towards the surface. The particle material density is 5000 kg/m 3 , the mean free path is ϭ1/n, where is the cross section for momentum transfer for gas molecules (10 19 m 2 ). Commercial MoCl 5 grains and solid sulfur can be evaporated in two separate evaporation ovens. The amount of evaporated material can be regulated by varying the oven temperature, and by the argon gas flow, which is passed through the ovens. The temperature in the evaporation ovens is monitored by thermocouples. A temperature controller regulating the current to the heating elements keeps the ovens at a constant temperature, in our case at 150°C. The argon stream containing the MoCl 5 and sulfur vapors is led to the main oven. The temperature in the main oven is controlled by a separate controller and can be adjusted up to 460°C. Inside the oven the evaporated material is mixed with hydrogen and H 2 S. In the case of H 2 S, the oven for sulfur evaporation is dismounted. The main oven has a diameter of 30 mm and a length of about 10 cm. In case particles are to be produced in the discharge the main oven temperature is kept at 150°C, just to avoid condensation of the evaporated species before they reach the plasma. This temperature is too low for particle formation in the main oven. The main oven is mounted sideways to the main chamber so the vapors are introduced about 3 cm above the rf electrode, parallel to its surface. Particles formed in the oven are collected on a substrate, placed either on the rf electrode, or on a special holder, which keeps it perpendicular to the gas stream from the oven. A roots blower pumps the main chamber, additional gas flow can be injected from the top, while a throttle valve controls the pressure. This setup anticipates a dual stage process in which particles are produced in the oven and diffuse into the main chamber. In the main chamber simultaneously a TiN PACVD process can be operated in order to obtain a hybrid wear-resistant coating containing lubricating MoS 2 nanoparticles. For the plasma produced particles a special electrode design has been developed, which is depicted in Fig. 4 . The 13.56 MHz radio-frequency ͑rf͒ electrode with a diameter of 20 cm is surrounded by a grounded guard ring extending 30 mm above the rf electrode. There is a slit of 2 mm between the ring and the rf electrode. In this way a ring shaped discharge can be produced. Particle production occurs in the active region of the discharge, concentrated around the slit. During plasma operation, particle deposition in the active region is prohibited by the repulsive Coulomb force, pushing particles away from the electrodes, as explained in the preceding section ͑see Fig. 1͒ . In the middle of the rf electrode there is no plasma, so the particles lose their charge and can deposit on the surface. Of course, the latter occurs only if there are no other forces preventing the particle transport, like the thermophoretic force. In our system the rf electrode is not cooled, but as the typical plasma power is relatively low ͑about 10 W͒, and the oven exit is at 150°C, the thermal gradient is most likely favorable for deposition. In the case of codeposition of nanoparticles with another layer, using a heated electrode, special care should be taken to optimize the temperature gradients. We can heat the electrode up to 500°C, but unless stated otherwise, the samples presented in this work have been collected on the electrode at ambient temperature.
In order to observe particle formation in situ a helium neon laser beam is directed through the particle cloud. Laser light scattering by the particles is observed perpendicular to the laser beam. In this way particles larger than about 100-200 nm can be detected. Particles deposited on a silicon substrate have been analyzed ex situ using a Fourier transform infrared ͑FTIR͒ spectrometer and a scanning electron microscope ͑SEM͒ supplied with an energy dispersive x-ray ͑EDX͒ facility for elemental analysis. Unfortunately MoS 2 has no active infrared absorption bands, thus the FTIR can only be used to detect contaminations in the samples, mainly chlorine and oxygen. The EDX is capable of detecting molybdenum and sulfur, but the peaks in the spectrum strongly overlap, so the stoichiometry of the produced particles could not be established.
V. RESULTS AND DISCUSSION
A. Thermal MoS 2 particle formation using H 2 S Production of MoS 2 clusters from H 2 S and MoCl 5 was extensively investigated by Keune et al. 7 in an oven identical to ours, operated at higher pressures. Particles were synthesized at an oven temperature of 450°C, gas flows of 100 sccm H 2 , and 10 sccm H 2 S at a total pressure of 20 hPa ͑15 Torr͒. SEM micrographs of the deposited particles indicate that the average particle radius is about 250 nm. MoS 2 could be also produced at lower pressures, however it did not form particles, but deposited as a film on the sample collector. The critical pressure below which only a film was formed is around 10 Torr. We have repeated the experiments at the low pressure range up to 10 Torr, lowering the gas flows in order to increase the residence time of the species in the oven and thus enhance the reaction efficiency. The temperature of the main oven has been varied from 200 to 450°C. We have employed a He-Ne laser to detect particles in the gas phase, while they exit the oven. In the whole range of conditions no particles have been observed in situ, due to too low particle densities in the gas phase. Therefore, we have concentrated on the layer formed on the surface. No deposition has been observed at oven temperatures below 250°C and the amount of deposition increases with increasing temperature and pressure. SEM analysis of samples collected using 5 sccm H 2 S, 20 sccm Ar, and 20 sccm H 2 at 1 Torr and 350°C, indicate FIG. 4 . Radio frequency plasma configuration for nanoparticle production and deposition. A ring-shaped plasma is created by a grounded guard ring around the radio-frequency electrode. In this region particles can deposit on a substrate only in the afterglow phase of the plasma, because of the repulsive Coulomb interactions during plasma operation. In the center of the electrode there is no discharge. Thus, plasma produced particles can diffuse and deposit there also during plasma operation. Small vertical slits in the guard ring provide access for a helium neon laser. This allows in situ detection of particles trapped in the plasma region by means of laser light scattering.
that the reaction products form a film with a large internal stress, resulting in many cracks after cooling the sample and air exposure. In the sample produced using 1 sccm H 2 S, 10 sccm Ar, and 20 sccm H 2 at 0.25 Torr and 350°C, a very small amount of particles is included in the film. The particle size is about 0.5-1 m. The FTIR spectra of the sample shows many absorption bands, which can be attributed to Mo-O and Mo-Cl absorption. The deposited film is thus significantly contaminated by unreacted MoCl 5 and it is unstable when exposed to air. Hydrolysis of the sample occurs ex situ, as MoCl 5 reacts spontaneously with moisture in the air. It can be visualized by the color change of the film after sample removal from the vacuum reactor. Concluding, MoS 2 nanoparticle production in the H 2 S chemistry at lowered pressures is not an efficient process. It does not yield the desired nanoparticles, and the MoS 2 obtained this way is of poor purity.
B. Thermal MoS 2 particle formation using sulfur
More efficient particle production is accomplished when sulfur is used instead of H 2 S. Under optimal conditions: low Ar and H 2 flows through the oven at the total pressure of 10 Torr, particles can be observed in the gas phase by means of He-Ne laser scattering. This indicates that the particle size is at least 100 nm. In the main reactor, where the particle collection takes place, additional flow of argon or hydrogen is introduced, in order to push the particles towards the lower electrode. SEM analysis of the samples indicates the presence of both deposited layer and particles, but the particle content is notably higher than in the case of H 2 S chemistry. As in the H 2 S case, the amount of deposition increases strongly with increasing pressure, and weakly with the temperature of the oven, above the threshold of about 200°C. The samples discussed here have been collected at an oven temperature of 450°C. Figure 5 represents a SEM image of a sample collected at the pressure of 10 Torr, using 50 sccm H 2 and 20 sccm Ar through the oven and 100 sccm Ar in the reactor. The nominal sulfur flow carried from the evaporation oven is about 1 sccm, but the effective flow might be substantially lower due to sulfur condensation on unheated elements. At the applied flows the residence time of the species in the oven is about 1 s, which is sufficient to produce submicrometer size particles. Under these conditions particles can be visualized in the gas phase by the He-Ne laser. The SEM micrograph ͑Fig. 5͒ shows a large structure, embedded in a film and surrounded by small particles. The large structure has some contamination, but it serves to show that there is a film on the surface. The small particles are most likely formed in the gas phase. Infrared spectra do not show significant Mo-O and Mo-Cl absorption bands. EDX analysis of the film and small particles indicates the presence of Mo and S with some chlorine and oxygen. Using excess hydrogen is favorable for the quality of the particles. For example, by applying a 100 sccm H 2 flow in the reactor, the stability of the sample in air is improved. This indicates a better purity of the sample ͑less unreacted MoCl 5 and therefore less hydrolysis͒. SEM micrographs for these conditions show a much larger amount of 100 nm size particles as compared to Fig. 5 , and a much thinner deposited layer. When higher gas flows are used ͑100 sccm H 2 , 50 sccm Ar in the oven, 100 sccm H 2 in the reactor͒, no particles in the gas phase can be observed, but abundant deposition on the sample takes place. In Fig. 6 a SEM micrograph shows typical crystallites and some submicrometer size particles. The large structures have a better purity than the ones shown in Fig. 5 ; namely the oxygen and chlorine contents are much lower. This is a consequence of applying higher amounts of hydrogen, which removes the remaining MoCl 5 from the samples. However, the large crystallites are unlikely to be formed in the gas phase, and possibly they result from the condensation of the reaction products on the surface. Similar crystalline structures have been observed during SEM analysis of the commercially available MoS 2 , as shown in Fig. 7 . Summarizing, fabrication of MoS 2 particles in the oven at reduced pressures is possible using the sulfur chemistry. The total gas flow should be kept low in order to increase the residence time and allow for the species to react, but on the other hand it should be high enough not to cause the condensation of MoCl 5 and sulfur on exit of their evaporation ovens. The quality of particles is improved when large amounts of hydrogen are used. Although a significant improvement with respect to the H 2 S chemistry has been achieved, particle formation is still not a fast process. The production rate is in most cases too low to allow for the detection of particles in the gas phase, and it typically takes 30 min to collect a significant amount of particles on the sample toolbar.
C. MoS 2 particle formation in a radio frequency discharge using sulfur
In Sec. IV it has been shown that charging and trapping of particles in the plasma increases significantly their residence time. Initially, we intended to use the plasma to trap the particles exiting from the oven, in order to reach sufficiently high densities for in situ detection by scattering. Moreover, in the afterglow phase the particle suspension can be deposited on the surface in a well-controlled way. However, plasma itself is capable of producing particles, due to the presence of energetic and reactive species. Not only is the nucleation in the plasma much more efficient than in the gas phase, but also the interaction of a negatively charged grain with positive ions allows a faster growth. In this work we study particle formation at the pressure of 0.5 Torr in the reactor. The oven temperature is maintained at 150°C to avoid condensation of the evaporated species. Under these conditions no particle formation or film deposition without plasma is observed. However, when a discharge is switched on, particles can be visualized by laser light scattering already after 15 s of plasma operation both in the sulfur as in the H 2 S chemistry. They remain trapped in the active zone of the plasma, which concentrates at the edge of the radio frequency electrode, close to the grounded electrode ͑see Fig.  4͒ . For optimal particle production the plasma power should be kept as low as possible in order to minimize instabilities due to ion wind and thermal gradients due to electrode heating. The results in this article have been obtained at 13 W forwarded power, of which about 5 W is estimated to be coupled into the plasma. We have placed the collectors on the edge of the electrode, to obtain particles from the active plasma region, and in the middle of the electrode. In the former case, particle deposition is possible only in the afterglow phase, after the plasma has been extinguished, while in the middle of the electrode particle deposition takes place also during plasma operation. In Fig. 8 the particles, originating from the active plasma zone in a sulfur chemistry are shown. The particle radius ranges from below 100 nm for short plasma operation times ͑Ͻ1 min͒, to several micrometers for plasma operation times of several minutes. Note that these times are much shorter than the time needed to collect a sample using only the oven ͑30 min-1 h͒, which proves that plasma production of particles at reduced pressures is much more efficient than gas phase production. The particles assume a spherical shape, which is typical for all grains formed in the plasma. This effect is most likely related to the negative charge, which a particle maintains during its growth. Spherical shape is optimal from the energetic point of view, so that the internal Coulomb repulsion of the charge on the surface is balanced by the surface tension. Particles with an irregular structure are subject to instabilities, like Coulomb explosion. Moreover, the growth by deposition of plasma species is balanced by etching due to positive ions. A surface defect would locally induce a higher electric field and be sputtered away by positive ion bombardment.
Note that the micrometer size particles shown in Fig. 8 are agglomerated into large structures. Relatively few single particles can be collected, and they are typically larger than the ones arranged in the conglomerates. This can be related to the thermophoretic force, which repels the particles from the electrode ͑see Figs. 1 and 2͒ . Although at the applied low plasma power no substantial electrode heating is expected, even slight temperature effects can hinder the collection of small particles. When the plasma operation is terminated, the particles lose their charge and can stick together. The conglomerates formed this way are heavy enough to overcome the forces preventing them from falling on the electrode. When the electrode is heated to 150°C, less particle deposi- FIG. 7 . SEM micrograph of commercial MoS 2 powder. A crystal structure similar to the one in Fig. 6 indicates that the homegrown material resembles the commercial one. FIG. 8 . SEM micrograph of a sample obtained using the sulfur chemistry and the radio-frequency plasma. The conditions are 5 sccm Ar total gas flow through the evaporation chambers (Tϭ150°C), 5 sccm H 2 through the main oven (Tϭ160°C), and 10 sccm H 2 in the reactor. The pressure is 0.5 Torr and the nominal plasma power is 13 W. The sample is placed below the ring-shaped active plasma region ͑cf. Fig. 4͒ . The discharge is operated for 2 min and then switched off for 15 s. This procedure is repeated ten times to collect the sample. tion is observed. A large ͑about 3 m diameter͒ isolated grain collected on the heated electrode is shown in Fig. 9 . Based on the estimates given in Fig. 2 , such a grain can deposit when the temperature gradient is not larger than 1000°/m. When the electrode is heated to 150°C, we expect thermal gradients of at most 1000°/m, as the distance from the electrode to the reactor walls ͑at ambient temperature͒ is at least 10 cm. The He-Ne laser light scattering signal suggests that there are large amounts of particles in the discharge. In order to collect them on the sample additional forces must be employed. Possibilities are an additional gas flow directed to the surface or a favorable temperature gradient, which can be obtained by heating the gas or cooling the electrode.
Samples collected in the middle of the electrode contain both plasma-produced spherical particles, like those shown in Fig. 8 , and crystallites, similar to the ones produced in the oven ͑Fig. 6͒. The structures displayed in Figs. 10 and 11 consist of relatively large spherical grains with a growth of crystallites on their surface. Such particles are presumably a result of a combined condensation process, in which a spherical grain from the plasma serves as a condensation site for the species from the gas phase. The formation of crystallites can occur either while the grain is still in the gas phase, or after its deposition on the surface. Typically, these structures are larger and heavier than the ones produced solely in the plasma, so their collection on the electrode is more efficient. This is reflected by a much more abundant deposition in the middle of the electrode. Finally, the EDX analysis shows that the elemental composition of spherical particles and crystallites is fairly identical. The spherical particles contain somewhat more oxygen than the crystallites, but the overall contamination is much lower than in case of ovenproduced particles. As in the previous experiments in the oven, excess of hydrogen is required to obtain a better purity of particles.
Using sulfur chemistry in the plasma environment results in good yields of particles, as compared to the gas phase production process. Particle densities in the gas phase are high enough for in situ detection ͑above 10 10 m Ϫ3 ), which provides a better control in the codeposition experiments. The particles are regularly shaped and relatively pure, but they are not monodisperse. The size of particles collected on one sample can range from submicrometer to several micrometers. As small particles are more useful for seeding the hard coatings, the particle size should be further reduced. FIG. 9 . SEM micrograph of a particle obtained using the sulfur chemistry and the radio-frequency plasma. The conditions are 5 sccm total argon flow through the evaporation chambers (Tϭ150°C), 5 sccm H 2 through the main oven (Tϭ160°C), and 10 sccm H 2 in the reactor. The pressure is 0.5 Torr and the nominal power is 13 W. As in Fig. 8 , the sample is a result of a 2 min on/15 s off discharge operation, repeated ten times. The sample is placed below the active plasma region on the radio-frequency electrode, which is heated to 150°C. FIG. 10 . SEM micrograph of a sample obtained using the sulfur chemistry and the radio-frequency plasma. The conditions are 5 sccm Ar total gas flow through the evaporation chambers (Tϭ150°C), 5 sccm H 2 through the main oven (Tϭ160°C), and 10 sccm H 2 in the reactor. The pressure is 0.5 Torr and nominal power is 13 W. The sample is obtained by 15 s on/15 s off discharge operation, repeated 40 times. The sample is placed in the center of the radio-frequency electrode, where continuous particle deposition takes place. The structure clearly consists of two phases; the spherical parts are most likely plasma produced, while the crystalline structure is probably a result of gas phase condensation on the surface of the electrode or the plasma-produced grains.
FIG. 11. SEM micrograph of a sample obtained using the sulfur chemistry and the radio-frequency plasma. The conditions are 5 sccm Ar total gas flow through the evaporation chambers (Tϭ150°C), 5 sccm H 2 through the main oven (Tϭ160°C), and 10 sccm H 2 in the reactor. The pressure is 0.5 Torr and nominal power is 13 W. The sample is obtained by a 30 s on/15 s off discharge operation, repeated 20 times. The sample is placed in the center of the radio frequency electrode, where continuous particle deposition takes place. As in Fig. 10 , the plasma-produced spherical particles are mixed with crystalline structures, which might result from gas phase condensation.
D. MoS 2 particle formation in a radiofrequency discharge using H 2 S
Plasma formation of particles in the H 2 S chemistry yields the desired nanoparticles, with diameters below 100 nm. The particles have been formed in a 13 W plasma at 0.5 Torr, using 10 sccm H 2 S. 10 sccm Ar, and 5 sccm H 2 through the oven and 20 sccm H 2 in the reactor. Again, the oven has been kept at a low temperature, so the particle formation can occur only in the plasma. The production rate of particles in the plasma is high. He-Ne light scattering is visible already after a few seconds of plasma operation. As we observe mainly forward scattering, this indicates that the particle size is somewhat below 100 nm, thus smaller than in the sulfur chemistry. The amount of deposition on the samples is smaller than in the case of S. This is a consequence of a less efficient collection of small particles on the surface, as the gravitation force, responsible for particle deposition, is lower. The sample from the active region of the plasma is shown in Fig. 12 . Again, only conglomerates of nanoparticles, with individual particle diameters below 100 nm, could be collected. These structures are too fine to perform the EDX analysis, but in the middle of the plasma larger structures have been found. Their composition is similar to the particles formed in the sulfur chemistry. The nanoparticles formed using a low-pressure plasma with H 2 S are thus suitable for the codeposition with TiN layers. However, a separate discharge for particle synthesis will be required, as the chemistries for MoS 2 and TiN production can interfere.
VI. CONCLUSIONS
The technology of fabrication of hard TiN coatings with lubricating MoS 2 particles requires the production of nanoparticles at reduced pressure. We have investigated four methods for the synthesis of MoS 2 particles. Two chemistries have been employed: MoCl 5 /H 2 S and MoCl 5 /S, in both cases the synthesis is performed in an oven as well as in a radio-frequency plasma. Generally, particle formation in the neutral gas at low pressures does not proceed efficiently. The H 2 S chemistry does not appear to be useful for the synthesis in the oven, unless the pressure is substantially increased. As sulfur is more reactive than H 2 S, we have found lowpressure conditions in which MoS 2 particles with desired size can be obtained thermally. The particle production rate is generally too low to allow for the detection in the gas phase by laser light scattering, which makes the process difficult to control in situ. When a low-pressure plasma is used, abundant particle formation can be observed in both chemistries. In contrast to particles formed in the neutral gas, which are either crystallites or irregularly shaped structures, plasma-produced particles are spherical. During plasma operation the particles are suspended in the gas phase and detected in situ. In the H 2 S chemistry the particle formation is faster than in the sulfur chemistry, and the particle size is smaller ͑below 100 nm͒. On the other hand, sulfur might be more convenient, as it is not toxic and safer to use. A general feature, valid for oven as well as plasma production, is the positive influence of hydrogen. Using high hydrogen flows for the reduction of MoCl 5 leads to a good purity of the obtained samples. The total gas flows, however, should be kept low in order to increase the residence times of the particles in the reactor and allow the species to react. For an efficient particle collection, special care must be taken not to introduce thermophoretic effects, which can repel the particles from the surface. This is essential for nanoparticles, for which the thermophoretic force is one of the most important interactions. In this work, such nanoparticles have been successfully synthesized using either sulfur chemistry in the oven, or H 2 S and sulfur chemistries in a low-pressure plasma. 12 . SEM micrograph of a sample obtained using the H 2 S chemistry and the radio-frequency plasma. The conditions are 10 sccm Ar total gas flow through the evaporation chambers (Tϭ150°C), 5 sccm H 2 , and 10 sccm H 2 S through the main oven (Tϭ160°C) and 10 sccm H 2 in the reactor. The pressure is 0.5 Torr. The discharge is operated for 10 min at 13 W nominal power. The sample is placed below the ring-shaped active plasma region, in order to collect the particles trapped in the plasma. The micrograph shows only particles, which are conglomerated into larger structures. The diameter of individual particles is smaller than 100 nm.
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